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Bacterial cellulose (BC), a biogenic nanomaterial with a three-dimensional reticulated architecture, serves
as a dynamic platform for next-generation composites. This study presents an advanced BC-based hybrid
material integrated with magnesium-doped aluminum oxide (MgALO,4) nanoparticles, synthesized
through a co-precipitation method. Rigorous characterization via TEM-EDS, SEM, XPS, DSC, and XRD
elucidates the morphological, elemental, and structural properties of the nanoparticles. Thermal behavior
and phase transitions were explored using DSC for both the NPs and the BC-based hybrid material (BC—
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MgAL,O,). In-depth surface and structural analyses of the BC-MgAl,O, composite was performed using
contact angle measurements, XRD, and SEM-EDS. The results demonstrate that the integration of
MgAlLO4 enhances material strength, thermal resistance, and hydrophobicity, driven by synergistic nano-
bio interactions. These findings establish a foundation for customized multifunctional composite materials
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The research of nanocomposites has emerged as a critical focus in
modern material science, bridging the gap between nanoscale
innovations and practical applications. Among these bacterial
cellulose (BC) produced by specific bacterial species, such as
Gluconacetobacter hansenii, through a fermentation process, has
garnered attention due to the high purity, crystallinity, mechanical
strength, and biocompatibility of this biopolymer.! BC distin-
guishes itself from plant-derived cellulose by its unique nanos-
tructured fiber network, which imparts superior mechanical
properties and pronounced hydrophilicity, making it a versatile
candidate for diverse applications across biomedicine, electronics,
and environmental engineering.”™*

While BC has been extensively investigated for its mechanical
strength, biocompatibility, and crystalline structure, recent
research has concentrated on incorporating nanoparticles (NPs)
to augment and diversify these properties.” This approach
leverages the high surface area and reactive nature of NPs to
introduce novel functionalities to BC or enhance the intrinsic
properties of the NPs. Previous studies have shown the synergis-
tic effects of incorporating NPs into BC, revealing significant

“ Department of Nanoscience, Joint School of Nanoscience and Nanoengineering,
University of North Carolina at Greensboro, Greensboro, NC, 27401, USA.
E-mail: soobare@uncg.edu, drlajeun@uncg.edu
b Kepley Biosystems Incorporated, Greenshoro, NC, 27214, USA
AT Research Partners, Burlington, NC, 27217, USA
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ma01130a

© 2025 The Author(s). Published by the Royal Society of Chemistry

with potential applications in biomedical scaffolding, environmental remediation, and nanosensing.

improvements in material properties.® The inclusion of metallic
NPs, such as silver (Ag) and zinc oxide (ZnO), in BC have been
extensively studied for their antibacterial properties. For instance,
Baker et al. demonstrated that the bio-functionalization of Ag and
ZnO nano-bactericides onto cellulose films resulted in effective
bactericidal activity against multiple drug-resistant pathogens,
highlighting the potential of metal NPs to enhance the physico-
chemical properties of BC.” Similarly, Shaaban et al. reported that
BC impregnated with green-synthesized silver NPs exhibited
significant antibacterial activity against Staphylococcus aureus
and Pseudomonas aeruginosa, reinforcing the effectiveness of
BC-AgNPs hybrids in combating bacterial infections.® Our prior
research has reported and characterized CuO nanoleaves mod-
ified BC, demonstrating the formation of a mechanically stable
nanofiber matrix.” Moreover, Melnikova et al. developed a nano-
composite of BC with zinc oxide (ZnO) NPs and betulin dipho-
sphate (BDP) to assess the biological activity of the composite in a
thermal burn rat model.'® Their findings demonstrated that such
BC-based hybrid material hold significant potential for medical
applications. Additional research has shown that the addition of
functional NPs like titanium dioxide (TiO,) or silicone dioxide
(SiO,) can enhance the mechanical strength, thermal stability,
and photocatalytic activity of BC.'""*

Magnesium (Mg) based alloys have been explored for several
biomedical applications due to their structural stability, biocom-
patibility as well as their biodegradability. Researchers have made
efforts to use Mg in the biomedical field as a biodegradable
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material that is required in clinics.”® A recent study by Topuza
et al. has used Ti;C,T, (MXene) functionalized hydroxyapatite
(HA) and halloysite nanotube (HNT)-reinforced poly(lactic acid)
(PLA) coatings on magnesium substrates to improve corrosion
resistance and antibacterial activity.'*

Moreover, some metal oxides, also known as ceramics, have
shown a unique behavior at high temperatures. A well-known
member of this family, Magnesium aluminate (MgAl,0,), exhib-
ited very promising properties such as a high working tempera-
ture that reaches up to 2000 °C, high strength, as well as low
thermal conductivity.”> While most BC-based hybrid material
have been designed for applications requiring antibacterial or
optical enhancements, this study diverges from these approaches
by emphasizing the structural robustness and thermal behavior
imparted by the inclusion of MgAl,0,."® These findings provide
new insights into the potential of Mg-doped composites for
biomedical scaffolds and high-temperature applications. More-
over, the integration of NP into BC represents a novel research
direction for developing advanced materials with tailored properties
that are adaptable for diverse industrial and technological applica-
tions, including filtration, packaging, and sensor technology. Unlike
previously studied NPs, MgAl,O, offers distinct advantages, such as
enhanced thermal stability, crystallinity, and mechanical strength,
positioning it as a promising candidate for applications requiring
durable and thermally stable materials. This study is the first to
investigate the enhancement of thermal stability, crystallinity, and
surface hydrophobicity of BC through the incorporation of MgAl,O,
NPs, highlighting its potential for advanced composite material
development.

Experimental section

Materials

Aluminum nitrate nonahydrate (Al(NOs);) (Sigma Aldrich, ACS
reagent, >98%), magnesium chloride hexahydrate (MgCl,)
(Sigma, minimum 99.0%), sodium hydroxide (NaOH) (Supelco,
EMPLURA pellets), 2% (w/v) glucose (Thermo Scientific, anhy-
drous, 99%), 0.5% (w/v) yeast extract (Fisher Bioreagents), 0.5%
(w/v) peptone (Fisher Bioreagents, granulated), 0.27% (w/v) sodium
phosphate dibasic (Fisher Bioreagents, white granules), and
0.115% (w/v) citric acid monohydrate (Fisher Scientific, powder).

Synthesis of MgAl,O, NPs

The co-precipitation technique was used to synthesize MgAl,O, NPs.
Briefly, 0.2 M solutions of Al(NO;); and MgCl, were individually
dissolved in 5 mL of deionized water (diH,O) and mixed with
continuous stirring at 80 °C until completely dissolved. A 0.2 M
NaOH solution was then added dropwise, under vigorous stirring, to
adjust the pH to 12 and obtain complete precipitation. The reaction
mixture was stirred for 3 hours, allowing sufficient time for the co-
precipitation of the metal hydroxides. After cooling to room tem-
perature, the white precipitate formed was centrifuged and washed
three times with deionized water, followed by ethanol, to remove
any unreacted species or impurities. The washing steps were
essential to ensure the purity of the final product. The resulting
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Fig. 1 Schematic representation of (A) MgAlLLO4 NP synthesis and (B) BC
synthesis.

product was dried in air for 24 hours and then annealed at 500 °C
for 3 hours to obtain MgAl,O, NPs (Fig. 1A). Several challenges
were encountered during the synthesis of MgAl,O, NPs, parti-
cularly related to NP agglomeration during the drying and
annealing processes which could also be attributed to the
charge of these NPs (See ESIf). The use of ethanol in the
washing steps helped mitigate this issue by reducing surface
tension between the particles. Additionally, temperature control
during annealing was crucial, as overheating led to sintering,
which decreased the surface area of the NPs."” To ensure
consistency, multiple batches of NPs were synthesized under
identical conditions, and their properties were cross-checked
using TEM and XRD to confirm reproducibility.The actual yield
of the MgAl,O, NPs was calculated to be 85.3% indicating
efficient synthesis process.

Bacterial cellulose preparation

Gluconacetobacter hansenii bacteria was cultured in Hestrin-
Schramm (HS) medium containing 2% (w/v) glucose, 0.5% (w/v)
yeast extract, 0.5% (w/v) peptone, 0.27% (w/v) sodium phosphate
dibasic, and 0.115% (w/v) citric acid. An initial culture was
inoculated in 25 mL of HS medium and incubated at 30 °C for
2 days, reaching an ODgy, of 0.5. Subsequently, 2.5 mL of this
culture was transferred into a 125 mL Erlenmeyer flask containing
22.5 mL of fresh HS medium and incubated at 30 °C in a shaking
incubator set to 125 rpm for 7 days. The resulting BC pellicles
were processed in 0.1 M NaOH at ~95 °C for 1 hour to remove
bacteria cells and biofilm materials. The pellicles were then rinsed
with diH,O until a neutral pH was achieved and stored at room
temperature (Fig. 1B). To create the BC/NP composite materials,
the prepared MgAl,O, NPs were sonicated in media for 1 hour to
break up any NP aggregates before being added to the HS medium
at concentrations of 5 mg, 10 mg, and 20 mg. Sonication was
employed to improve the dispersion of the NPs within the BC
matrix, preventing uneven distribution and agglomeration dur-
ing the composite formation. After integration, the BC pellicles
were allowed to grow in the NP-enriched medium for an addi-
tional 7 days. This process ensures that the BC pellicles formed
around the nanoparticles, creating homogeneous BC-MgAl,O,
NPs hybrids. In contrast to other BC preparation methods, this
technique avoids complications caused by factors such as the
pore size of the BC, the size of the NPs, and diffusion rate of the
particles into a preformed BC pellicles. This is because our
method involves the cellulose pellicles to be formed around the
majority of the material suspended in the culture media.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Material characterization

The morphology and crystallinity, including lattice parameters, local
framework structure, and selective area diffraction patterns of the
NPs and composite materials were analyzed using transmission
electron microscopy (TEM) with an accelerating voltage of 200 kv
from JEOL 2100PLUS with STEM/EDS capabilities. This technique
enabled a detailed examination of both the morphology and
chemical composition of as-synthesized MgAlL,O, NPs. For XPS
measurements, the NP samples were dried in air on a silicon (Si)
wafer sample holder. Elemental compositions were determined
using XPS with an Escalab Xi' (Thermo Scientific). The samples
were also drop-casted on a Si wafer to obtain the micro-elemental
compositions and were matched with the XPS elemental survey
analysis. SEM/EDS analysis was performed to analyze all NPs and
BC morphologies using a JEOL JSM-IT800 FESEM with Oxford Ulti
Max EDS (Energy Dispersive X-ray Spectroscopy).The samples were
drop-casted on a Si wafer and then sputter-coated with a 7 nm gold/
palladium layer to prevent charging in the microscope. X-ray data
was acquired at 10 kV in low vacuum mode with a chamber
pressure of 50 Pa. Dynamic light scattering (DLS) and zeta potential
measurements were performed to assess the hydrodynamic dia-
meter and surface charge of the MgAl,O, NPs. DLS was conducted
using a Malvern Zetasizer ZEN3600 with measurements taken in
deionized water at 25 °C in triplicates. Zeta potential was measured
to determine particle stability and dispersion behavior in aqueous
solutions. Powder X-ray diffraction (XRD) data was collected on a
Rigaku Gemini a single crystal diffractometer to further analyze the
crystalline structures. A TA Q200 digital scanning calorimeter (DSC)
was used to study the thermal properties of the materials. Contact
angles for the BC-NP composites were performed using a Rame
Hart Model 260 Goniometer. A TA Instruments TGA 5500 was also
used to further study and confirm the thermal properties of the
materials in the temperature range of 25-800 °C heating at the rate
of 25° per minute. Ten contact angle measurements were taken
within one second per drop, then averaged, and three drops were
placed on each membrane to calculate an overall average contact
angle, with the highest average of each of the three drops.

Results and discussion
TEM analysis

The morphology, structural details, and chemical composition
of synthesized MgAl,O0, NPs were investigated using TEM/
STEM techniques. The TEM image (Fig. 2A) shows a represen-
titive MgAl,O, cluster, indicating the characteristic structure of
MgAl,O, NPs. The angular-dark field scanning transmission
electron microscopy (ADF-STEM) image (Fig. 2B) provides
additional evidence of the porosity within these NPs. The STEM
combined with EDS analysis reveals the distribution of each
metal oxide in MgAl,O, NP clusters, showing distinct elemental
mapping. The corresponding elemental maps (Fig. 2C-F)
demonstrate the spatial distribution of Al and Mg within the
NPs. The analysis suggests a higher concentration of Al com-
pared to Mg, consistent with the chemical composition of the
MgAl,0, NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Transmission electron microscopy (TEM) image of MgAl,O4 NPs
showing a cluster, accompanied by (b) angular-dark field scanning trans-
mission electron microscopy (ADF-STEM) imaging, illustrating porosity
within the NPs. Corresponding energy-dispersive X-ray spectroscopy
(EDS) elemental mapping (c)-(f) confirms the spatial distribution of Al,
Mg, and O within the NP clusters.

X-ray photoelectron spectroscopy

The surface chemistry and oxidation states of as-synthesized
MgAl, O, NPs were determined via XPS analyses. The XPS survey
spectra, illustrated in Fig. 3A, confirmed the presence of the primary
elements, including Al, Mg, and O. In the Al 2p region (Fig. 3B), a
characteristic peak of AI*" ions was observed at 74.5 €V corres-
ponding to aluminum oxide (Al,O3), which aligns with known data
from Al,0,."®"° Additional deconvoluted peak at higher binding
energies indicate the presence of surface hydroxyl group (Al-OH) or
aluminium hydroxide Al(OH); which suggests partial surface oxida-
tion or surface defects.”® The Mg 1s spectrum (Fig. 3C) exhibited a
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Fig. 3 X-ray photoelectron spectroscopy (XPS) (A) survey spectrum of
MgALlL,O4 NPs confirms the presence of Al, Mg, and O. High-resolution
spectra show (B) Al** ion peaks in the Al 2p region, (C) a single peak
corresponding to Mg?* in the Mg 1s spectrum, and (D) O®~ and peroxide
doublet peaks in O 1s spectrum.
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single prominent peak at 1304.3 eV, corresponding to Mg>*, which
is consistent with those previously reported values for magnesium
oxide (Mg0).>! The O 1s spectrum (Fig. 3D) exhibited two distinct
peaks at 531.5 eV and 534.5 eV, attributable to the lattice O*>~ and
surface hydroxyl (<OH) and peroxide (0,>”) species respectively, as
identified in previous studies.”! Furthermore, the XPS stoichio-
metric composition (Mg:Al:O) closely match the theoretical ratio
of the MgAl,O, NPs confirming a successful synthesis of the NPs, as
shown in Table S1 (ESIt).

Scanning electron microscopy-energy dispersive X-ray

Scanning electron microscopy (SEM) (Fig. 4(I) and (II)) coupled
with energy-dispersive X-ray spectroscopy (EDS) (See ESIt) provided
a detailed morphological and compositional analysis of the
MgAlL,O, NPs and BC-MgAL,O, composite. The SEM micrographs
(Fig. 4(1)) showed a homogeneous distribution of the NPs with a
similar size to the TEM results shown in Fig. 2. The uniform and
rough surface morphology of the NPs enhances their interaction
with the BC matrix, potentially improving adhesion and distribution
within the composite. The images revealed significant changes in
the morphology of the BC matrix after the incorporation of MgAl,O,
NPs. In the unmodified BC (Fig. 4(IL.A)), the typical nanofibrillar
network structure of cellulose was observed, with visible pores
between the fibers (as shown in the inset). However, with increasing
MgAl,O, concentrations (5 mg, 10 mg, and 20 mg), the SEM images
(Fig. 4(ILB, C, and D), respectively) showed the presence of densely
packed NP clusters embedded within the cellulose matrix. The NPs
-modified BC fibers at increasing concentrations are highlighted in
the insets of each SEM image.

The incorporation of MgAl,0, NPs modified the overall
porosity of the BC by filling the inter-fiber gaps, resulting in a
more compact structure characterized by the NP clusters. This
reduction in pore size is expected to enhance the composite

BC fibers
‘with NPs

. BC fibers
BC fibers T with NPs.
with NPS

Fig. 4 |: SEM images of MgAlLO4 NPs at two different magnifications.
(Left) The scale bar is 1 um, and (Right) 200 nm. II: SEM images of (A) Pure
BC (B) BC with 5 mg of MgAlL,O4 NPs, (C) BC with 10 mg of MgAlL,O4 NPs,
(D) BC with 20 mg of MgAl,O4 NPs. The scale bar is 1 pm. Insets show the
corresponding fibers and NPs-modified fibers images at scale bar of
500 nm.
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material’s structural properties, particularly tensile strength,
which is advantageous for structural applications. Additionally,
the presence of NPs may improve the barrier properties of the
material, further expanding the composite’s potential use for
filtration or packaging applications.”*>*

EDS analysis confirmed the successful incorporation of Mg
and Al elements into the BC matrix. The consistent detection of
Mg and Al in all modified samples, along with the absence of
other significant impurities, supports the homogeneity of the
composite material. Notably, the Si peaks observed in some
samples are attributed to the Si substrate used during SEM
sample preparation and do not indicate contamination of the
BC-MgAl,O, composite itself.>

The increased density of the NP clusters within the BC
matrix, especially at higher concentrations, may also affect the
composite’s optical transparency, making it a potential candidate
for applications in flexible electronics or transparent substrates.
However, at higher loadings, aggregation of the NPs could hinder
uniform dispersion, which may affect the overall performance of
the material. Optimizing NP loading and dispersion techniques
will be essential for tailoring the composite’s properties to meet
the requirements for specific applications.>®

The phenomenon of increased fiber density due to the
incorporation of NPs is supported by the findings of Fahma
et al., who noted that the presence of NPs within a polymer
matrix can lead to enhanced interactions and entanglements
among the fibers, resulting in more compact structure.”” More-
over, the work by Nogi et al. emphasizes the importance of fiber
packing in achieving high optical transparency in nanofiber
papers, which is a direct consequence of reduced light scattering
due to densely packed fibers.*® This principle can be extrapolated
to the BC-NP hybrid, where the reduced porosity and increased
density may similarly enhance the optical properties of the
material, making it suitable for applications in flexible electro-
nics and transparent substrates.*®

Dynamic light scattering (DLS) and zeta potential analysis

The DLS analysis was performed in triplicate and the results
represent the average values. The DLS analysis showed that MgAlL,O,
NPs had an average hydrodynamic diameter of 191.54 + 1.99 nm
with a polydispersity index (PDI) of 0.252 (See ESIt). The low PDI
value indicates a relatively uniform particle size distribution, which
is essential for achieving stable dispersion within the BC matrix.
Moreover, zeta potential measurements indicated a surface charge
of +40.86 + 0.33 mV (See ESI}), suggesting strong electrostatic
stability in suspension. The positive zeta potential enhances the
dispersion quality and reduces the likelihood of NP aggregation
within the BC matrix, which is crucial for maintaining consistent
thermal and structural properties across the composite. The high
stability indicated by the zeta potential value aligns with the uniform
integration observed in SEM images, further supporting the effec-
tiveness of MgAl,O, as a stabilizing agent in BC composites.

Differential scanning calorimetry analysis

The DSC analysis provided insights into the thermal stability and
phase transitions of the MgAl,O, NPs and BC/NP composites

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DSC Profiles
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Fig. 5 Differential scanning calorimetry (DSC) profiles ramped from room
temperature to 500 °C at 10 °C min~*. Dashed black — NPs; solid red — BC

with no NPs; solid magenta — BC with 5 mg of NPs; solid blue — BC with
10 mg of NPs; solid green — BC with 20 mg of NPs.

(Fig. 5). The DSC analysis provided insights into the thermal
stability and phase transitions of the MgAlL,O, NPs and BC/NP
composites (Fig. 5). Previous studies have shown a wide variation
in the glass transition temperature (T,) values for semicrystalline
materials, particularly BC,>° even when accounting for the
changes in heat capacity due to the percent crystallinity, the
initial cooling rate of the material, and the temperature at which
the mobile amorphous region and the rigid amorphous region
(located at the interface between the crystalline and mobile
amorphous regions) transition from a glassy, restricted state to
a more mobile state (unfreeze).>' Moreover, in Silviana et al., the
T, value for NaOH-purified BC was reported as 116 °C,’” while in
George et al. it was reported as 41.41 °C.** Therefore, the first
endothermic peak observed around 156 °C could be attributed to
the relaxation of amorphous regions due to the semicrytalline
nature of the BC.>* Notably, a decrease in this temperature was
observed with increasing NP loading (5 mg, 10 mg, and 20 mg)
suggesting that the incorporation of MgAl,O, NPs influences the
amorphous nature of the composite, as observed in the SEM
images (Fig. 4(II)). The endothermic peak presence in the
MgAl, O, NPs pattern at 170 °C is attributed to the vaporization
of physically absorbed water, as reported in previous DSC
results.*® In a comparable manner, the peaks around 188 °C
may also correspond to the release of physically absorbed water
in the BC and the BC-NPs hybrids. Furthermore, the exothermic
transition for BC starting at 300 °C implies a chemical change
occurring which is attributed to the decomposition of the BC due
to pyrolysis. Notably, the onset of decomposition was observed at
a higher temperature, starting at 320 °C, suggesting enhanced
structural and thermal stability in the BC-NPs hybrids. These
findings are consistent with previously published decomposition
temperature data for BC, further supporting the observed ther-
mal behavior.>® This crystallinity enhancement may contribute
to the higher thermal stability of the BC-NPs hybrid, supporting

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

its suitability for applications in high-temperature environments
such as advanced filtration systems or structural composites.’”
The reduced heat capacity of the composites, compared to the
individual components, further reinforces the improved stability
conferred by the NPs. This phenomenon is consistent with of the
higher thermal stability exhibited by the composite materials.*®

Thermogravimetric analysis (TGA)

The TGA results for the MgAl,O, NPs, pure BC, and the BC-NP
hybrids with 5 mg, 10 mg, and 20 mg are shown in Fig. 6. The NPs
shows high thermal stability indicated by a minimal mass loss
through the entire temperature range. The minimal amount of
mass loss could be attributed to the moistures impurities from the
synthesis process being vaporized as the NPs expand to allow
leftover species to escape. The BC and BC-NP hybrids experience a
slight mass loss between 50 °C and 250 °C, which can be
attributed to the membrane dehydration.>* Moreover, there is a
pseudo-stepwise drop in mass between 300 °C and 350 °C, which
is indicative of a chemical reaction.*® This chemical reaction is the
decomposition of the BC into carbon and carbon monoxide
through fragmentation of carbonyl and carboxylic bonds from
the anhydrous glucose monomers.*" These results confirm the
previous data obtained in the DSC exothermic peaks and match
previously reported decomposition temperatures (336 °C) of stan-
dard cellulose and BC.**** As MgAl,0, NPs loading increases, the
onset temperature of the BC degradation decreases, indicating an
earlier thermal decomposition. However, the overall mass loss is
reduced due to the weight contribution of the NPs, which remain

TGA Profile
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Fig. 6 TGA profile of MgAL,O4 NPs (black trace), BC (red trace), BC - 5mg
(blue trace), BC — 10 mg (green trace), and BC — 20 mg (purple trace) and
representative image of the BC and BC-NPs hybrids after TGA, illustrating
the final physical state after thermal degradation.
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thermally stable up to 2000 °C.** These findings suggest that the
BC-NPs hybrids exhibit enhanced structural stability, as the NPs
reinforce the membrane and mitigate its decomposition into
volatile by-products, which is also shown in the photographic
images in Fig. 6.

The X-ray diffraction (XRD) analysis

The XRD analysis confirmed the formation of the MgAl,O,
spinel structure (Fig. 7A), where the results present high purity
MgAl, O, NPs with the diffraction peaks corresponding to the
(111), (220), (311), (400), (422), (511), (440), and (620) planes
according to reference code (PDF#21-1152).**

The sharpness and intensity of these peaks indicate a high
degree of crystallinity, which is crucial for maintaining the
mechanical stability and uniformity of the NPs.*>*® This high
crystallinity, a result of the optimized annealing process, directly
contributes to the enhanced thermal stability observed in the DSC
analysis.”” These well-defined peaks indicate a successful for-
mation of the MgAl,O, spinel phase. Such crystallinity is essential
for applications requiring stable and uniform NP properties. The
crystallite size of the NPs is calculated using the most intense peak
(111) according to the Scherrer formula:

d = x/(p cos 0) (1)

where d is the crystallite size of the NPs in nm, «x is the
correction factor (0.943), A is 1.54 A, f is the full width of the
diffraction peak, and 6 is the Bragg angle. The calculations
shows that the crystallite size is 134.79 nm.**

These findings confirmed the effectiveness of the co-
precipitation method employed for synthesizing MgAl,O, NPs,
ensuring their suitability for further modification and applica-
tion in composite materials. The identification of these peaks
aligns with existing literature on MgAl,O, spinel structures. For
instance, Nguyen et al. reported similar findings in their studies
on the synthesis of transparent MgAl,O, ceramics, where they
noted that the XRD patterns exhibited peaks corresponding to
the spinel structure, confirming the successful synthesis of
single-phase MgAl,0,.*® This is significant as the presence of a
single-phase spinel structure is essential for optimizing the
material’s properties for applications in optics and catalysis.*®

The pure BC (Fig. 7B) displayed two prominent 26 peaks at
14.5° and 22.8°. These peaks are characteristic of the crystalline

A) B) (110) (200) | ——BC -20 mg|

M
\-_‘/\\//\;T:.C-j

f—1

A

0 0 2 0 w0 50
20 (degree)

Intensity (a.u.)
Intensity (a.u.)

|—MgAL,0, NPs|
20 30 40 50 60 70 80
20 (degree)

Fig. 7 XRD pattern of (A) Powder MgAl,O4 NPs and (B) thin-film analysis
of BC (red trace), BC — 5 mg (blue trace), BC — 10 mg (green trace), and BC
— 20 mg (orange trace).
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regions within the cellulose structure.*” The peak at 14.5° corre-
sponds to the (110) plane, while the peak at 22.8° is associated
with the (200) plane of cellulose.’*>? These diffraction peaks
confirmed the presence of the crystalline phase of BC, reflecting
its natural fibrous structure. The observed sharpness and inten-
sity of these peaks indicated a well-ordered arrangement of
cellulose chains, which is typical of high-purity BC.

Furthermore, the integration of MgAl,O, into BC (Fig. 7B)
did not significantly alter the cellulose’s characteristic crystal-
linity, as indicated by the persistence of the BC peaks at 14.5°
and 22.8°. This preservation of BC’s structure highlights the
compatibility of the NPs with the cellulose matrix, ensuring that
the unique structural properties of BC are maintained, while
introducing additional benefits such as enhanced thermal stabi-
lity. The well-ordered arrangement of the MgAl,O, NPs within the
cellulose matrix may also improve the composite’s structural
integrity, making it a promising candidate for applications in
high-performance materials, such as in biomedical scaffolds or
filtration systems. The peak at approximately 14.3° is consistent
with findings from various studies that have characterized cellu-
lose structures. For instance, in the study of Fang et al similar
diffraction peaks at 20 values of 14.3° and 22.8° for cellulose I (the
native form of cellulose) were observed, indicating that the
crystalline structure of BC aligns with established cellulose
characteristics.”® Additionally, it was noted that typical peaks for
cellulose I are observed around 15° and 22.6°, further supporting
the identification of the crystalline phases in BC.>* These consis-
tent findings across different studies reinforce the reliability of the
XRD analysis in confirming the crystalline nature of BC.

The observed XRD patterns, showing only the peaks of BC, can
be attributed to the effects of preferred orientation, thin film
thickness, substrate influence, NP dispersion, and potential
changes in the crystallinity of the embedded NPs. These factors
combined can result in the suppression or complete absence of
MgAl,O; NP peaks in the thin film XRD analysis.®*>*® These
structural insights from XRD are complemented by the thermal
stability findings in the DSC analysis, which further highlight the
improved performance of the composite at higher temperatures.

Contact angle

Contact angle is a principal technique for determining the
surface hydrophobicity. When applied to a smooth, flat and
inert surfaces, water droplet create an angle that represent the
hydrophobicity of the surface.’” Contact angle measurements
(Fig. 8) revealed that the hydrophobicity of the BC membranes
increases with the incorporation of MgAl,O, NPs. Initially, the
contact angle for the pure BC shows an average value of 45.9° &
0.1. These results match the previously reported pure BC
contact angle values reported by Indriyati et al. which stated
that the pure BC contact angle is 45°.° Although the hydro-
philic nature of BC might considered an advantage in some
applications, it could be a limitation to certain applications
such as in the packaging field where a hydrophobic nature is
preferred.’® Incorporating MgAl,O, at 5 mg and 10 mg NP, has
interestingly increased the contact angle increased up to 75.6°
and 76.9°, respectively, suggesting that the surface became

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Mean contact angle of diH,O on the surface of BC and modified BC
membranes. Top left — BC with no NPs; top right — BC with 5 mg of NPs;
bottom left — BC with 10 mg of NPs; bottom right — BC with 20 mg of NPs.

more hydrophobic due to the nonpolar nature of the NPs. The
reduced interaction between the cellulose and water is consis-
tent with the introduction of metal oxides, which likely
decrease the surface energy of the composite. This phenom-
enon is consistent with findings in the literature, which suggest
the incorporation of nonpolar NPs can lead to increased
hydrophobicity in polymer matrices.>”

Interestingly, at a higher NP loading of 20 mg, the contact
angle decreased slightly to 73.9°, though it remained higher than
that of pure BC. This behaviour suggests a critical point at which
further NP incorporation leads to aggregation or uneven disper-
sion within the cellulose matrix, thus reducing the overall
hydrophobic effect. The aggregation at higher concentrations
may expose more of the hydrophilic BC surface, counteracting
the hydrophobic contribution of the NPs. At higher NP loadings,
when the critical point is reached, the negative surface charge of
the NPs might lead to repulsive interactions, reducing the overall
hydrophobic effect.®

This trend highlights the importance of optimizing NP load-
ing to achieve the desired balance between hydrophobicity and
material integrity. The enhanced hydrophobicity at optimal NP
loadings opens new possibilities for using BC-MgAl,O, compo-
sites in applications where moisture resistance is critical, such as
in packaging materials, membranes, or biosensors.®!

Table 1 A comparison of this work with relevant studies from the literature
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Conclusions

The incorporation of MgAl,O, into BC in this study focuses on
thermal stability, crystallinity, and hydrophobicity, offering a
distinct advantage over previous studies that emphasized anti-
bacterial or optical properties. For example, Baker et al. and
Shaaban et al. demonstrated significant bactericidal effects
with Ag and ZnO NPs.”® However, their work did not explore
the thermal or structural stability improvements that are cri-
tical for high-temperature and moisture-sensitive applications,
which were addressed in this study. The co-precipitation synth-
esis and integration of MgAl,O, NPs altered the morphology,
thermal stability, and surface hydrophobicity of the BC, reveal-
ing the potential for tailored material properties and advancing
the understanding of hybrid materials.

Melnikova et al. investigated ZnO NPs in BC for wound
healing, showing excellent biological activity but without significant
gains in thermal properties.'® In contrast, the MgAl,O, integration
in this work enhances both thermal stability and surface hydro-
phobicity, making it more suitable for filtration and structural
applications. Further, several research used TiO, to enhance
mechanical strength, biomedical applications, and photocatalytic
activity, underscoring the versatility of BC composites across various
industrial applications."®>**>% Lastly, Machado et al. incorporated
resveratrol into BC, resulting in increased biocompatibility for
applications in tissue regeneration.® Although their work
focused on biological applications, this aligns with the
potential of our BC-MgAl,0, composite to be further explored
in biomedical scaffolds, particularly where structural stability
and thermal robustness are required. Our findings shows
promising properties of the BC-metal oxide hybrid compared
with similar studies of BC-based hybrid material, as shown in
Table 1.

These findings demonstrate that MgAl,O, NPs enhance the
BC matrix’s structural stability, crystallinity, and surface char-
acteristics, making it suitable for a diverse range of applications.
Future directions should focus on scaling production, ensuring
long-term stability, and optimizing synthesis and integration
processes to facilitate practical deployment and commercial
viability. Additionally, exploring the use of other NP types and
combinations could yield composites with more diverse proper-
ties, tailored for specific applications such as biomedical scaf-
folds, filtration systems, and electronic sensors.

Metal/metal Antibacterial

oxide used  Bacterial strain Thermal stability activity Hydrophobicity Potential applications Ref.

MgAlL, O, Gluconacetobacter hansenii Enhanced Not studied Increased Biomedical scaffolds, filtration, This
high-temp applications study

Ag, ZnO Komagataeibacter xylinus ~ Not studied Strong effect Not studied Antimicrobial coatings, 7
medical applications

Ag Komagataeibacter xylinus Not studied Strong effect Not studied Antimicrobial coatings, 8
medical applications

ZnO Gluconacetobacter hansenii Moderate improvement Moderate effect Not studied Wound healing 64

TiO, Gluconacetobacter xylinus ~ Not studied Strong effect Not studied Wound healing 16

TiO, Komagataeibacter hansenii  Reduced Not studied Not studied Wastewater treatment 63
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